Abstract--Li-bearing smectite minerals occurring as hydrothermal alteration products of magnesium silicate minerals in skarns associated with the Moldova NouL Romania, porphyry copper deposit were examined by X-ray powder diffraction, infrared spectroscopy, and thermal and chemical analyses. Libearing smectite containing 0.45-0.50 Li/unit cell is common, whereas smectite containing 0.21-0.33 Li/ unit cell is less common. Both materials coexist with talc and kerolite. The Li-bearing smectite minerals (b = 9.111 A) contains semi-ordered or ordered stacking and is highly crystalline, similar to saponite. After 3-yr storage under laboratory conditions in an air-dried state (RH = 50%) or after heating for 2 hr at 100", 200 ~ 300", or 400"C, the Li-bearing smectite minerals showed characte~ ~stics of a regular 1:1 interstratification of anhydrous and dihydrate layers. Some segregation of the anhydrous, monohydrate, and dihydrate layers was noted.
INTRODUCTION
Li-bearing smectite minerals containing as much as 0.12 Li/unit cell were first reported by Neac~u (1970) from Moldova Noun, Romania, as low-temperature, low-pressure hydrothermal alteration products ofwollastonite, diopside, grossularite, vesuvianite, and, locally, talc, serpentine-group minerals, and sepiolite. Materials having properties and compositions consistent with Li-bearing smectite, saponite, and stevensite were identified, but not described in detail in that work. Conflicting views about the nature of Li-smectites in general with or without fluorine, their thermal and hydrothermal stabilities, and their degree of interstratification prompted a much more thorough examination of these materials by X-ray powder diffraction, infrared spectroscopy, and chemical and thermal analyses. The relationship between the Moldova Nou~ materials and hectorite, Li-saponite, and Li-stevensite was also ascertained.
GEOLOGIC SETTING
The Moldova Nou,~t porphyry copper deposit in southwestern Romania occurs with both contact metasomatic rocks (skarn, limestone and/or dolomitic limestone, hornfels) and eruptive rocks (granodiorite, diorite, quartz andesite, dacite). These rocks have been altered by zeolitization, argillization, carbonatization, and anhydritization (Neac~u, 1970) . Common hydrothermal alteration products of the magnesium metasomatic silicates are Li-bearing smectite, saponite, stevensite, kerolite, talc, serpentine-group minerals, MgGeological & Geophysical Prospecting Enterprise, 1 Caransebe~ Street, 78344 Bucharest 32, Romania. Copyright @ 1990 , The Clay Minerals Society chlorite, sepiolite, vermiculite, thomsonite, heulandite, calcite, and quartz. The trioctahedral Li-bearing smectite was deposited in fissures or in pockets, 0.4-1 m wide, in crystalline limestone. The smectite masses are white or greenish-white and occur in more-or-less argillitized zones in skarn bodies (Neac~u, 1970) . They apparently were formed by precipitation from colloidal suspensions in the presence of Mg 2 § Ca 2 § Li § and Na +.
ANALYTICAL PROCEDURE
Fifty samples of Li-bearing smectite, four samples of saponite, and two samples of stevensite from the Moldova Noua deposit and one sample of hectorite from Hector, California from the Source Clay Repository of the Clay Minerals Society were studied by X-ray powder diffraction (XRD), thermal analysis, infrared (IR) spectroscopy, and chemical analysis. Five representative samples are characterized in this paper by means of particle-size, Li, and saturating cation data (Table 1) .
The samples were analyzed in bulk and separated into the following panicle size fractions: >20, <10, < 1, and <0.08 #m. The samples were saturated with Na § K § Ca 2 § and Li § glycolated or glycerolated, hydrated, heated at various temperatures (100~176 and stored in a vacuum desiccator in the presence of CaCI2. The samples were saturated with various cations by exposing them to 1 N solutions ofNaCI, KC1, CaCI2, and LiC1 for 24 hr. The samples were glycolated by placing oriented films on glass slides in a desiccator over an ethylene glycol solution under vacuum conditions for 24 hr. They were glycerolated by adding a few drops of a glycerol-ethyl alcohol mixture (2:17 V/ V) to the surface of oriented aggregates. lanovici, G. Neac~u, and V. Neac~u A structural formula was calculated from analyses of a <0.08-#m fraction of sample 12c which was separated by centrifugation.
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The chemical analyses were made by atomic absorption spectrometry on Na-saturated samples (Iosof and Neacw 1980) ; fluorine was determined by the pyrohydrolytic method (Newman, 1968) , and the cation-exchange capacity (CEC) was determined by the TNm method (Stoica et aL, 1979) . X-ray powder diffraction (XRD) analyses were made with a DRON 2.0 diffractometer at a scanning speed of l~ and using Ni-filtered CuKa radiation at 35 kV and 20 mA. Glass holders were used for random powder mounts and oriented aggregates. The amounts of calcite, quartz, and the dolomite in the chemically analyzed samples were estimated by XRD, using the external standard method and the measurement of mass attenuation coefficients (Brindley and Brown, 1980) . Thermal analyses were carried out on 0.3-g samples using an MOM Budapest derivatograph, a heating rate of 10~ and a Pt-Ptl0%Rh thermocouple. The infrared absorption spectra (IR) were recorded in the spectral region from 400 to 4000 cm -~ on 0.8 mg samples in KBr with a UR-20 Carl Zeiss Jena double-beam spectrophotometer, using KBr, NaC1, and LiF prisms. Internal standards used for calibration were kaolinite (Cornwall, United Kingdom), calcite, and quartz for XRD and polystyrene for IR measurements.
RESULTS

X-ray powder diffraction
The > 20-#m size fractions of the Li-bearing smectite clays contained mostly apophyllite, quartz, and calcite, as well as appreciable amounts of wollastonite, diopside, and grossularite. Random powder mounts of bulk samples of the Li-bearing smectite, saturated with Ca 2 § analyzed one month after sampling, and were found to have retained their natural humidity. The untreated sample solvated with ethylene glycol and heated for 3 hr at 300~ displayed a perfectly regular succession of basal reflections (Table 2) .
Samples 2 and 4 were analyzed 3 hr after they were collected; the samples had been stored in the air-dry state under laboratory conditions (RH = 50%). They showed a segregation of the Ca-saturated (natural state) dihydrated layers (15 ,~) and regular 1 : I mixed-layer characteristics (25-26 ,~, sample 2), or only regular 1: 1 mixed-layer characteristics (dihydrated, 15 ~,; anhydrous, 9 ~, sample 4), marked by low-angle reflections at 25/~ ( Figure I ). Similar results were observed by Brindley (1955) and Shimoda (1971) , and were recorded for stevensite from Moldova Noun, Romania, but not for the saponite from this locality.
Of the 50 Li-bearing smectite samples analyzed in this study, 44 contained 0.45-0.50 Li/unit cell, and 6 had 0.21-0.33 Li/unit cell. Seven contained impurities of kerolite, two of talc, and four of serpentine-group minerals. Stevensite, kerolite, talc, and serpentine-group minerals have also been shown to result synthetically from hydrothermal treatment ofwollastonite, xonolite, pectolite, and bustamite under different hydrothermal conditions (Otsuka et al., 1972 (Otsuka et al., , 1979 Suzuki and Otsuka, 1976; Sakamoto et al., 1977 Sakamoto et al., , 1982 . The index of crystallinity (half-height width, HHW) and the crystalline perfection (sharpness of XRD peaks) of the Li-bearing smectites were found to be close to those of the saponite from Moldova NouA, and two to three times greater than those of the stevensite from Moldova Nouh or the hectorite from Hector, California, judging from the area and sharpness of the XRD peaks.
The hk reflections of Li-bearing smectite in Figure  1 are asymmetrical and tail towards high diffraction angles. For reflections having k = 3, a modulation was noted at 35~ as well as a tendency of reflection to form three hkl lines (cf. pattern of saponite), indicating semi-ordered or ordered stacking (M6ring, 1975) . For stevensite and hectorite, however, only a broad, diffuse 2tl Figure 3 . X-ray powder diffraction of Li-bearing smectite having 0.46 Li/unit cell (2), 0.21 Li/unit cell (4), and hectorite (H). Oriented aggregates, CuKa radiation. Ca = Ca-saturated, G1 = glycerolated, H20 = water treated, K = K-saturated, V = preserved in vacuum for two weeks in the presence of CaCl~. reflection was found, indicating fully disordered stacking (Figure 2) . Table 3 compares the range and the means (X) of the 06 reflections and b parameters of Li-bearing smectite, hectorite, stevensite, and saponite samples from Moldova Nouh with those in the literature. This table indicates that the b parameter of the Li-bearing smectite samples is between those of hectorite and stevensite.
Hydration of K-saturated Li-bearing smectite and hectorite produced dihydrate (16 A) phases, whereas hydration of Ca-saturated Li-bearing smectite and hectorite resulted in the formation of tetrahydrate phases (21 /~, Figure 3) . K-or Ca-saturated Li-bearing smectire and hectorite solvated with glycerol gave a perfectly regular succession of the basal reflections (samples 2 and 4 had similar XRD patterns).
Sample 4, Ca-saturated, after two weeks storage in a vacuum desiccator in the presence of CaC12, like stevensite, showed regular mixed-layer reflections (22-26 ]k) and a segregation of the normally dihydrated layers (15 ~) from the regular 1:1 mixed-layer (anhydrousdihydrated). For hectorite and sample 2, only dihydrated layers were observed, having a basal spacing of 15 A and rational higher order reflections.
The Li-bearing smectites, similar to stevensite, showed reflections at 22-26 ~, which were more intense for the Ca-saturated samples analyzed 1 hr after a 2-hr treatment at 100 ~ 200 ~ or 400~ (Figure 4) . Sample 4, 1 hr after heating for 2 hr at 100~ showed intensified reflections of a mixed-layer phase having regular characteristics (22-26 /~), whereas sample 2 showed segregation of the normal dihydrated layers (15 /~), as well as characteristics of the regular mixed-layer 1:1 (anhydrous-dihydrated). The XRD patterns of K-saturated Li-bearing smectite samples 1 hr after heat treatment of 200~ for 2 hr indicated monohydrate layers; the patterns of the Ca-saturated samples indicated anhydrous layers and a very weak segregation of dihydrate layers. After 24 hr, the hydration of the Casaturated samples was significantly greater.
Anhydrous, monohydrate and, dihydrate layers were segregated in Ca-saturated samples by heating at 200 ~ or 400~ segregation of the trihydrate in K-saturated samples was noted after the samples were heated at 400~ (Figure 4 ). Otsu and Yasuda (1963) reported similar results on heating stevensite.
The regular succession of basal reflections was obvious in Li-bearing smectite samples glycerolated 48 hr after they had been heated at 400~ glycerolation was partial in sample 4 (anhydrous or non-expandable layers predominated). Li-saturated, Li-bearing smectires analyzed at room temperature or after being heated at 100~ gave regular mixed-layer reflections at 31.1 (001), 15.50 (002), 7.90 (004), 5.10 (006), and 3.076 /~ (0010).
After heating these samples for 2 hr at 200 ~ or 300~ Li-saturated, Li-bearing smectites showed intense regular mixed-layer reflections at 22.5 (001), 11.84 (002), 5.48/~ (004), etc. After being heated for 2 hr at 600~ Li-bearing smectite and hectorite were anhydrous, as shown by basal reflections for higher orders of 9.40 (001); after calcination for 2 hr at 800~ only enstatite and quartz reflections were present in the XRD patterns.
Chemical analyses
The corrected chemical analyses of four Li-bearing smectite samples and one hectorite sample (corrections were made for the quartz, calcite, and dolomite contents) are shown in Table 4 . Structural formulae, calculated on the basis of 22 equivalent oxygens (Deer et al., 1962) are also given in Table 4 . Literature data (e.g., Krster, 1982) and our own analytical data were used to compare the crystal chemical features of Libearing smectite samples and hectorite, stevensite, and saponite (Table 5 ). For Li-bearing smectite having 0.47 Li/unit cell, the degree of octahedral Li-for-Mg substitution was only 76% of that ofhectorite. In Li-bearing smectite having 0.26 Li/unit cell, the degree of Lifor-Mg substitution was 42% of that of hectorite; no F-for-OH substitution was observed.
The number of octahedral vacancies of Li-bearing smectites were similar to those of stevensite, i.e., the number ofoctahedral cations (Y,) was 5.75-5.77, compared with 5.78 for stevensite (Table 5 ). The unbalanced layer charge caused by Li-for-Mg octahedral sub- stitution and octahedral vacancies generated a high interlayer charge, similar to that of saponite.
Thermal analysis
The differential thermal analysis curves of Li-bearing smectite samples and hectorite are shown in Figure  5 . The thermograms of Ca-saturated Li-bearing smectire samples show the endothermic effects of losing the two layers of hydration water of Ca 2+ at 1200-125~ and 170~176
whereas for the Na-saturated samples hydration water was lost at 1360-140~ (Mackenzie, 1957) . The dehydroxylation temperature depended strictly on the extent of Li-for-Mg octahedral substitution, values of 678 ~ 725 ~ and 741~ being determined for Li-bearing smectite samples having 0.46, 0.33, and 0.21 Li/unit cell ( Figure 5 ).
The temperature of the exothermic effect at 802 ~ 880~ depended on the nature of the interlayer cation, being 8440-880~ for Ca 2+ and 8020-824~ for Na +. The weak exothermic peak at 802~176 represents the formation ofenstatite. No such exotherm was noted for the stevensite or hectorite samples; thus, its pres- O" 200" 400" 500" 800* 1000" 2Co I 9 ~" ! O* 200" 400" 600" 800" 1000" Figure 5 . Differential thermal analysis curves of Li-bearing smectite samples and hectorite.
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ence may have been due to the high degree of crystallinity of Li-bearing smectite or to the lack ofoctahedral fluorine (see Granquist and Pollack, 1960) . The differential thermal analysis curve of hectorite from Hector, California, had a low-temperature peak at 118 ~ 128~ and a dehydroxylation endotherm at 670~ Mackenzie (1957) and Deer et al. (1962) reported a dehydroxylation temperature of 800~ for this hectorite. The TGA curves ( Figure 6 ) showed a displacement of the dehydroxylation domain towards higher temperatures for Li-bearing smectite having 0.21 Li/unit cell and the initial dehydroxylation effect towards lower temperatures for hectorite, than for the Li-bearing smectite.
lnfrared absorption spectroscopy
Infrared absorption (IR) spectra of Li-bearing smectites and hectorite are shown in Figure 7 . Quartz bands at 788 and 802 cm -~ and carbonate bands at 880, 1420-1440, and 1715-1735 cm -~ were present in the IR patterns of the natural samples, in addition to the absorption bands ofsmectite. OH-vibration bands at 3698 and 3640-3650 cm-~ have been reported for Li-bearing smectites (Farmer, 1958 (Farmer, , 1974 . at 1007-1008 cm -~ had the same position for Li-bearing smectite samples, stevensite, and saponite, whereas Si- O vibrations (ul) at 1084 cm-~ were at the same position for Li-bearing smectite and hectorite ( Figure 8 ).
The position of the Mg-O bands (UT), which occur as a doublet of magnesian smectite, is of the utmost significance. Hectorite displayed a band at 469 cm -1, and stevensite, a band at 450 cm -x, whereas the intense absorption band of saponite was at 465 cm -~, with a shoulder at 453 cm -~, closer to the wavelength of the IR bands of hectorite and Li-bearing smectite having 0.47 Li/unit cell. For Li-bearing smectite having 0.21 Li/unit cell, a band was present at 455 cm -~, with a shoulder at 471 cm-1, similar to the bands ofstevensite.
SUMMARY AND CONCLUSIONS
In the Moldova Nou~ area magnesian silicates have been hydrothermally altered to fluorine-free, Li-bearing smectite having 0.21-0.50 Li/unit cell. The XRD patterns of Li-bearing smectite samples suggest an obvious layer segregation and the formation of a regular 1:1 mixed-layer phase (dihydrated-anhydrous), especially after the samples were heated between 100 ~ and 300~ and saturated with Ca 2+ or Li § Anomalous dehydration phenomena, similar to those of stevensite, were also observed. cm-1 Figure 7 . Infrared absorption spectra of Li-bearing smectite samples and hectorite.
The index of crystallinity (HHW), semi-ordered or ordered stacking, and high interlayer charge of Li-bearing smectite samples examined in this study are similar to those of saponite; the number of octahedral vacancies and the phenomena of the segregation and formation of a regular mixed-layer phase (anhydrousdihydrated) are analogous to those of stevensite. Lifor-Mg substitution is similar to that in hectorite, but no F-for-OH substitution was noted. The reduction of Z'~O t,50 500 550 800 "tO00 1100 I200 the number of Li-for-Mg substitutions shifted dehydroxylation to higher temperatures and the IR band for Mg-O from 470 to 450 cm-', towards the stevensite field. Li-bearing smectite can be defined as hectorite without fluorine and having octahedral vacancies, or as Li-bearing stevensite.
